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Abstract:
Recent experimental observations of CP asymmetry inB → J/ψ +
K0 constitute the first significant signal of CP violation outside
the neutral kaon system; thus they represent an important mile-
stone to test the CKM paradigm. We, therefore, undertake a crit-
ical appraisal of the existing experimental and theoretical inputs
used to deduce constraints on sin 2β and other important param-
eters and thus find, in particular, sin 2β > 0.47 at 95% CL which
is completely compatible with the combined experimental result:
sin 2β = 0.48 ± 0.16, representing an important success of the
CKM model of CP violation. Searches for new physics in B de-
cays to J/ψ +K0 like final states will require improved precision;
we make some suggestions to facilitate these. We also present a
global fit including the new CP asymmetry measurements in B →
J/ψ +K0 as an additional input yielding e.g. γ = (29◦ → 67◦),
η = (.20 → .37), ρ = (.08 → .36), JCP = (1.8 → 3.1) × 10−5,
Br(K+ → π+νν¯) = (0.52 → 0.92) × 10−10, Br(KL → π0νν¯) =
(0.11 → 0.31)× 10−10 and ∆mBs = (15.2–28.3) ps−1, all at 95%
CL.
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Recent measurements of CP asymmetry in the B0 → J/ψ K0 and related
processes [1] by the BELLE [2] and BaBar [3] detectors at the KEK and SLAC
B-factories together with the earlier measurement by CDF [4] constitute the
first significant signal of CP violation outside of the neutral kaon system. As
such, they afford a unique test of the CKM paradigm [5, 6] along with possible
clues for the presence of new physics. In this work, we present a critical
appraisal of the theoretical and experimental inputs used in such analysis
and suggest directions for improvement to facilitate more precise studies of
the future. Furthermore, we specifically address the question: When should
one begin to take seriously a conflict between the value of sin 2β(≡ sin 2φ1[7])
as measured in B0 → J/ψK0 decays and that deduced from other processes?
In the Kobayashi-Maskawa [6] description of CP violation which is an
integral part of the Standard Model (SM), a “clean”, (i.e. free of hadronic
uncertainties) determination of the angle β of the unitarity triangle [8] can
be made by measuring the time dependent partial rate asymmetry for Bd
and Bd decays to a common final state which is a CP eigenstate [9]:
a(t) =
Γ(Bd(t)→ f)− Γ(Bd(t)→ f)
Γ(Bd(t)→ f) + Γ(Bd(t)→ f) = −fCP sin 2β sin(∆mdt) (1)
where fCP is the CP eigenvalue of f and ∆md is the B
0
d-B
0
d mass difference.
The recent experimental determination of the phase β by the BELLE [2],
BaBar [3] and CDF [4] groups, through the use of eqn. (1) is:
sin 2β =


0.58 +0.32
−0.34
+0.09
−0.10
[BELLE]
0.34 ± 0.20± 0.05 [BaBar]
0.79 ± 0.44 [CDF ]
(2)
By combining these with the earlier results [10] which are consistent with
these but have larger errors, we get the average
sin 2β = 0.48± 0.16 (3)
In the Wolfenstein representation [11] of the CKM matrix, two of the
parameters are rather well known [12], λ = 0.2196 ± 0.0023, A = 0.85 ±
2
.04. Considerable efforts are under way for a better determination of the
remaining two parameters ρ and η, or, equivalently [13], ρ = ρ(1−λ2/2) and
η = η(1− λ2/2) which are introduced in the generalization which maintains
unitarity to higher order in λ [14, 15].
Currently, there are four important inputs that constrain the values of
ρ and η [16]: (1) The ǫK parameter of indirect CP-violation of the K
0K
0
system, (2) Ruc ≡ |Vub/Vcb| which is deduced from the fraction of semi-
leptonic B-decays to charmless final states, (3) ∆md, the mass difference
which drives BdBd mixing and (4) the LEP bound on ∆ms (≥ h¯ 15 ps−1),
the mass difference which drives BsBs mixing.
In order to determine the parameters ρ and η and the sensitivity of phys-
ical quantities to theoretical inputs, we will use a set of “nominal” inputs
for evaluating the four physical quantities mentioned above. In our nominal
input we take Ruc = 0.085 ± 0.017, although later we will also consider the
case where the error is inflated to 0.0255 [i.e. to a total of 30%] for a more
“conservative” interpretation of the current results.
The SM expression for ǫK in terms of CKM elements involves the non-
perturbative hadronic parameterBK ≡< K|(sγµ(1−γ5)d)2|K > /(8/3f 2Km2K).
For the corresponding renormalization group invariant (to NLO) quantity we
take BˆK = 0.86± 0.06± 0.14 in our nominal input from lattice calculations
[17]. The lattice calculation of this quantity, with the stated error is quite
safe as it has now been calculated with staggered fermions as well as with
the newer method of domain wall quarks which have superior realization of
chiral symmetry. The error due to unquenching and due to SU(3) breaking
are each estimated at around ∼ 5% and are included in the stated systematic
error [17].
For the evaluation of ∆md we need fBd
√
BˆBd and the analysis of ∆ms re-
quires the SU(3) breaking ratio ξ ≡ fBs
√
BˆBs/(fBd√
BˆBd). These quantities have been studied extensively using lattice Monte
Carlo methods. Bernard in his review at Lattice 2000 [18] (as well as Aoki
[19]) gave their values as fBd
√
Bˆbd = 230± 40 MeV and ξ = 1.16± 0.05. We
have inflated the error on fBd
√
BˆBd by about 20% to 50 MeV for our nominal
input. Also, in our nominal input we will increase the error on ξ to 0.08 to
reflect our concern that the “direct” evaluation of the SU(3) breaking via:
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< Bs|[bγµ(1− γ5)s]2|Bs >
< Bd|[bγµ(1− γ5)d]2|Bd >
=
m2s
m2d
ξ2 (4)
tends to give somewhat larger central values [20] although with rather large
errors so that within errors the results are compatible in the two methods.
Since ∆ms
∆md
is an extremely important phenomenological constant it will cer-
tainly be very helpful if improved lattice studies via (4) re-confirm the value
of ξ obtained via the fBs
√
BBs/(fBd
√
BBd) method [18].
In Table 1 we collect the “nominal” inputs for the important parameters
taken from experiment and from the lattice. The Table also shows our inputs
for the four parameters [Ruc, BˆK , fBd
√
BˆBd and ξ] for the “conservative”
solution. For this case we take BˆK = 0.90±0.06±0.14 as there are preliminary
indications from some lattice calculations of a few percent increase of this
quantity in dynamical simulations [21]. Similarly there are indications [22]
that BBd tends to decrease by about 11%; therefore, in our conservative
choice we will take fBd
√
BˆBd = 217 ± 50 MeV and also we will inflate the
error on ξ to 0.1. Note that these “conservative” choices are made as they
tend to lower the value of (sin 2β)min.
Fig. 1(a) shows the resulting constraints from our nominal input in the
η-ρ plane[23]. Fig. 1(b) shows the bounds on sin 2β, e.g. 0.51 ≤ sin 2β ≤ 0.88
at 95% CL. In the second part of Table 1 we show the resultant confidence
intervals for a number of quantities that depend on the CKM matrix. Based
on the “nominal” and “conservative” inputs, we quote the angular quantities
sin 2β, sin 2α and γ as well as the parameters ρ and η and the ratio |Vtd/Vts|.
We also include the Jarlskog invariant of the CKM matrix, JCP ≡ A2λ6η
[13, 24], and give the corresponding predictions for the kaon decays K+ →
π+νν¯ andKL → π0νν¯. These two decay modes are sensitive to the magnitude
and imaginary part of Vtd respectively.
We have also studied the sensitivity of the results on BˆK , fBd
√
BˆBd , ξ,
Ruc and on the ∆ms bound; of these the dependence on ∆ms is especially
interesting and important. As Fig. 2 shows the bound on sin 2β is quite
insensitive to the experimental bound on ∆ms so long as ∆ms ∼> 9h¯ ps−1.
Lower values of this quantity do tend to effect the bound. It is somewhat
reassuring that so long as the LEP bound [25, 26] is ≥ 9h¯ ps−1, i.e. almost
50% of its stated value, it does not have a major effect on sin 2β.
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Fig. 3 summarizes our results on the bounds on sin 2β with various inputs.
In addition to the two sets of inputs mentioned above, i.e. “nominal” and
“conservative”, we also include here the following 2 cases.
1. Do not use fBd
√
Bˆd and use only ǫK , Ruc,
∆ms
∆md
with the “conservative”
input from Table 1.
2. Disregard ∆ms
∆md
as it may be of some concern that while, at present, we
only have a bound on ∆ms, used in conjunction with the parameter
ξ which the lattice gives with rather tight errors, it ends up playing a
rather important role; thus use only ǫK , Ruc and ∆md.
We see that sin 2β ∼> .47 (at 95% CL) if all four of the experimental inputs
are used. Fig. 3 also shows the experimental results for sin 2β. It is clear
that the experimental information available so far is completely compatible
with theoretical expectations of the CKM model; there is no glaring need of
new physics or new CP-odd phase(s). Searches for the effects of new CP-odd
phase(s) [27], at least in these channels, will require precision studies.
An interesting feature of Fig. 3 is that the sin 2β interval depends little
on whether or not we include fBd
√
BBd (i.e. the input ∆md). This is because
the main effect of this constraint is on the magnitude of Vtd while β depends
on its phase. Thus, β and fBd
√
BBd tend not to be correlated. Another
notable aspect of Fig. 3 is that the lower bound on sin 2β gets appreciably
reduced to ∼ 0.35 (95% CL) if ∆ms is not included as an input. Thus, if
improved experimental determinations of sin 2β end up finding a value lower
than in eqn (3) then that may be indicative of problems with the ∆ms bound
of 15 h¯ ps−1.
It is useful to compare our analysis to the one by Gilman et al [16] given
in the Particle Data Book. There are small differences with us in various
inputs such as ξ and ∆mBs ; the most notable one is that our central value
for fBd
√
Bˆd is bigger by about 10%. This is in line with recent assessment
of effects of quenching [18]. The main effect of these differences is that our
value for ρ tends to be somewhat bigger compared to Gilman et al. [28].
Since a very important source of error in the hadronic parameters that
we took from the lattice originates from the quenched approximation, im-
provements are quite challenging and are likely to take considerable time
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and effort. Therefore, the bounds that we deduced on sin 2β and other quan-
tities are not likely to change any time soon. On the other hard, experiments
from e+e− and hadronic B-facilities are expected to rapidly increase the pool
of data by almost an order of magnitude or even more in the next year or
two. Therefore, our bound should be able to facilitate tests of the CKM
paradigm more definitively in the near future.
The case when ǫK is not used in the input data set is of special sig-
nificance as then the remaining three inputs (Ruc, ∆md,
∆ms
∆md
) are all from
CP-conserving B experiments [Fig. 4]. The resulting constraint on η is there-
fore especially important as a non-vanishing lower bound on η would then
imply the need for the CP violation phase even when accounting for CP con-
serving B experiments [29]. Furthermore, if the CKM model is correct then
the lower bound on η thus deduced from B experiments must satisfy the
constraint from ǫK on the η-ρ plane; in particular ǫK requires η > .12 (see
Fig. 1(a)). Unfortunately the current accuracy of input data sets is not suffi-
cient to give a 95% CL nonvanishing lower bound on η although at 68% CL
that is the case: 0.084 < η < 0.324 at 68% CL and 0.014 < η < 0.410 at 95%
CL. Thus as the accuracy on Vub
Vcb
, ∆ms and the hadronic parameters from
the lattice improves it is very likely that in the near future the CP conserv-
ing B experiments would lead to a non-vanishing lower bound on η even at
95% CL thereby providing a completely non-trivial test of the CKM model.
Meantime, the sin 2β measurements of eq. (3) via B0 → J/ψ K0 may also
now be included with the other three B-experiments [Ruc, ∆md and
∆ms
∆md
] to
give a solution entirely from B-physics. One thus finds, η = 0.13 → 0.27 at
68% CL and η = 0.07→ 0.35 at 95% CL.
Since CP asymmetry results, eq. (3), on B0 → J/ψ K0 are found to
be completely compatible with the expectations of the CKM model, we can
now include these latest results, so that our input set now consists of ǫK ,
Ruc, ∆md, ∆ms and sin 2β to obtain the new global fits (see Fig. 5). The
corresponding 68% and 95% CL results for various CKM parameters and
other quantities of interest are given in Table 2.
In conclusion, from Table 1 and Fig. 3 it is apparent that if sin 2β is
eventually measured to be significantly ∼< 0.47, the CKM model of CP vio-
lation, or some subset of the theoretical inputs regarding matrix elements or
the ∆ms bound, will have a problem. On the other hand, if sin 2β ∼> 0.47 im-
provements in the theoretical inputs and or additional experimental input(s)
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will be needed to refine our tests of the Standard Model CKM picture. Bear-
ing that in mind we now briefly mention a few areas where experimental
and/or theoretical progress could be very useful.
1. Along the same lines as mentioned above, it would be extremely useful
to deduce the entire unitarity triangle from K-physics so that one can
make more decisive comparisons, in particular of the Jarlskog invari-
ant [24], JCP , deduced from B-physics with that from K-physics and
not just contend ourselves with the lower bound on η that ǫK gives or
the constraints from ǫK only. Studies of K
+ → π+νν can give a rather
clean determination of |Vtd| and study of K0L → π0νν can give η or JCP
very cleanly and can be very useful in that regard [30].
2. Although direct experimental measurement of fB via B
± → τ± + ν
still remains difficult due to the low branching ratio, some experimental
information on fB could be obtained via the radiative decays B
+ →
ℓ++νℓ+γ. The branching ratio is expected to be [31] ∼ 5×10−6 using
fB = 200 MeV and
Vub
Vuc
= 0.085. Therefore, by adding e+, e−, µ+, µ−
the effective branching ratio is about 2 × 10−5 and may well already
be accessible. Furthermore, the photon spectrum is relatively hard as
it originates from a spin-flip; the initial pseudoscalar meson emits the
photon and becomes a vector or axial vector state for annihilation into
ℓ + ν without having to pay the penalty of helicity suppression. The
calculations are model dependent but perhaps an accuracy of ∼ 30%
on fB could be attained through this method and that may provide a
useful experimental check on the lattice calculations.
3. It is clearly important to determine ∆ms via Bs-Bs oscillation. This
is likely to come from CDF/D∅ at the Tevatron and perhaps also from
HERAB, TeVB, and LHCB. Meantime, it would be useful to attain
information on Vtd
Vts
via B0 → ρ0+γ [32]. The ratio B0→ρ0+γ
B→K∗+γ
should give
|Vtd|
|Vts|
up to SU(3) corrections to a very good approximation. Calculation
of B → ρ(K∗) + γ involves only one form factor [33]. It would be
extremely useful to use lattice and other methods to calculate the SU(3)
breaking effects on that form factor [34] which would be needed to relate
measurements of (B0 → ρ0 + γ)/(B → K∗ + γ) to |Vtd/Vts|.
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Table 1: Fits using “nominal” and “conservative” values for the four input
parameters. The QCD correction coefficients η1, η2, η3 and ηb are taken
from [35] and Vcb = 0.040± 0.002 [36].
Input Quantity Nominal Conservative
Ruc ≡ |Vub/Vcb| 0.085± .017 0.085± .0255
fBd
√
BˆBd 230± 50 MeV 217± 50 MeV
ξ 1.16± 0.08 1.16± 0.10
BˆK 0.86± 0.15 0.90± 0.15
Output Quantity 68% CL 95% CL 68% CL 95% CL
sin 2β 0.60→ 0.80 0.51→ 0.88 0.58→ 0.83 0.47→ 0.93
sin 2α −0.81→ −0.18 −0.96→ 0.17 −0.82→ −0.14 −0.96→ 0.27
γ 37.1◦ → 55.3◦ 30.2◦ → 65.4◦ 36.4◦ → 56.3◦ 29.5◦ → 63.3◦
η 0.25→ 0.35 0.21→ 0.41 0.24→ 0.36 0.20→ 0.44
ρ 0.17→ 0.32 0.10→ 0.39 0.16→ 0.34 0.07→ 0.42
|Vtd/Vts| 0.17→ 0.20 0.15→ 0.21 0.16→ 0.20 0.15→ 0.22
∆mBs (ps
−1) 16.3→ 23.4 15.3→ 29.3 16.3→ 24.6 15.3→ 31.8
JCP (2.2→ 2.9)× 10−5 (1.9→ 3.4)× 10−5 (2.1→ 3.0)× 10−5 (1.8→ 3.5)× 10−5
Br(K+ → pi+νν) (0.57→ 0.77)× 10−10 (0.49→ 0.90)× 10−10 (0.55→ 0.78)× 10−10 (0.47→ 0.91)× 10−10
Br(KL → pi0νν) (0.16→ 0.29)× 10−10 (0.12→ 0.38)× 10−10 (0.15→ 0.30)× 10−10 (0.11→ 0.41)× 10−10
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Table 2: Fits using the measured value of sin 2β (see eq. (3)) plus the four
inputs with “nominal” values given in Table 1.
Output Quantity 68% CL 95% CL
sin 2β 0.56→ 0.73 0.49→ 0.81
sin 2α −0.87→ −0.24 −0.98→ 0.16
γ 36.5◦ → 56.2◦ 29.4◦ → 67.3◦
η 0.23→ 0.32 0.20→ 0.37
ρ 0.15→ 0.30 0.08→ 0.36
|Vtd/Vts| 0.17→ 0.20 0.15→ 0.22
∆mBs (ps
−1) 16.1→ 22.8 15.2→ 28.3
JCP (2.1→ 2.7)× 10−5 (1.8→ 3.1)× 10−5
Br(K+ → π+νν) (0.60→ 0.81)× 10−10 (0.52→ 0.92)× 10−10
Br(KL → π0νν) (0.14→ 0.24)× 10−10 (0.11→ 0.31)× 10−10
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Figure Captions
Figure 1:
(a) A plot of the allowed region in the ρ-η plane using our nominal inputs.
The 1-σ constraints resulting from ǫK are shown with the dashed lines; those
from |Vub/Vcb| are shown with the dash-dotted lines and the 1-σ constraints
resulting from the BdBd oscillation rate are shown with the dotted lines.
The thin solid line, obtained by using the 95% CL bound ∆ms > 15ps
−1 and
ξ ≤ 1.32 (which is the 2-σ bound), indicates the limit from BsBs oscillation.
The solid coutours indicate the interval allowed by the combined constraints
with the inner contour indicating the 68% confidence interval and the outer
one the 95% confidence interval.
(b) The likelihood function for various values of sin 2β. The dotted box
indicates the 68% confidence interval while the dashed box indicates the 95%
confidence interval.
Figure 2: The solid lines indicate the upper and lower confidence (95%
CL) interval in sin 2β as a function of the bound on ∆ms in units of h¯ps
−1.
Figure 3: The 68% and 95% CL allowed intervals in sin 2β are shown
for various fits to the CKM matrix discussed in the text. Also shown are
the 1 − σ ranges for the data from BaBar, BELLE , CDF as well as their
combined result.
Figure 4: The η-ρ plot as in Figure 1(a) (i.e. with nominal input) except
that the ǫK data are not used in the global fit shown so that the input set
consists of only the CP conserving B-experiments, namely Ruc, ∆md and
∆ms/∆md; in this figure we take the sign of η to be positive [29].
Figure 5: Figure shows the global fit using the nominal four inputs from
Table 1 but in addition including also the sin 2β measurements (see eq. (3)).
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